Introduction
============

Colorectal cancer (CRC) is the third-most common type of cancer in the world.[@b1-ott-11-7987] Alkylating cytotoxic agents like oxaliplatin are usually combined with radiotherapy to treat stage II and stage III CRC, which confronts obstacles like multidrug resistance and severe side effects. These therapies ultimately lead to drug intolerance and tumor relapse in CRC patients.[@b2-ott-11-7987] Plants contain a wide range of potential anticancer-drug substances with multifarious functions and targets. In recent years, triterpenes, including lupane, oleanane, and ursane, have shown their potential as anticancer candidates by various methods of administration, such as gavage and subcutaneous and intravenous injection in animal models.[@b3-ott-11-7987]

Lupeol is a pentacyclic triterpene in the lupane group, widely found in herbal plants like kale, mango, and dandelion, with anti-inflammatory, antioxidation, anti-infective, antihyperglycemia, antiasthma, antiarthritis, cardioprotective, neuroprotective, hepatoprotective, and chemosensitization effects.[@b4-ott-11-7987],[@b5-ott-11-7987] This evidence supports lupeol possessing varied pharmacological potency with many potential mechanisms and targets. However, its complicated molecular mechanism and whether lupeol might be a promising leading compound to treat CRC remain unclear.

The high prevalence of CRC calls for therapeutic agents targeting the mechanism of its premalignant lesions and evolution of cancer. An aberrantly activated Wnt--β-catenin signaling pathway is a common feature involved in 93% of CRC. Two most frequent gene mutations in carcinogenesis resulting in excessive accumulation of β-catenin are *APC* mutations (82%) and the activation of *CTNNB1* itself (4.7%).[@b6-ott-11-7987] These mutations lead to disruption of β-catenin degradation in cytoplasm. Excessive β-catenin translocates to the nucleus to bind with TCF/LEF transcription factors to form the β-catenin--TCF complex, which binds to promoter regions of *CCND1* and *cMYC*, thereby accelerating metabolic activation of the cell cycle in malignant transformation.[@b7-ott-11-7987] GeneCards and Kyoto Encyclopedia of Genes and Genomes signaling pathways both indicate that *CCNA2* is located downstream of the Wnt pathway and regulated by Wnt-target gene transcription of cMyc.[@b8-ott-11-7987] Overexpression of *CCNA2* can result in delayed onset of cell division in mammalian cells.[@b9-ott-11-7987] *CCNA2* may also regulate oncoproteins or tumor suppressors like *TP53*, contributing to tumorigenesis.[@b10-ott-11-7987] Also, *CLDN1* is regulated by β-catenin and TCF4 and highly increased in CRC, helping promote cellular malignant transformation through regulating epithelial--mesenchymal transition (EMT).[@b11-ott-11-7987] Therefore, targeting the cascade activation of Wnt--β-catenin signaling transcription is crucial for CRC therapy.[@b12-ott-11-7987]

Here, we explored the effects of lupeol on the viability, apoptosis, cell cycle, and migration of CRC cell lines, ie, SW480 (APC deleted, β-catenin wild type) and HCT116 (APC wild type, β-catenin mutant). Furthermore, we explored the mechanism of lupeol-mediated suppression in CRC cell lines of Wnt--β-catenin signaling by evaluating expressions of *CTNNB1*, *TCF4*, and Wnt--β-catenin signaling downstream genes *cMYC*, *CCND1*, *CLDN1*, and *CCNA2*.

Methods
=======

Cell culture
------------

The human CRC cell lines SW480 and HCT116 were obtained from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, People's Republic of China). Both cell lines are regularly authenticated on the basis of viability, recovery, growth, morphology, and chemical response, most recently confirmed 3--4 months before use. Both cell lines were cultured in RPMI 1640 medium supplemented with 10% FBS with 1% penicillin-- streptomycin (CellGro; Corning Incorporated, Corning, NY, USA) in humidified air with 5% CO~2~ at 37°C.

Chemical reagents
-----------------

Lupeol was purchased from Sigma-Aldrich Co. (St Louis, MO, USA) and dissolved in dimethyl sulfoxide (DMSO) at a concentration of 2.4×10^−2^ mol/L as a stock solution. The solution was diluted to give a final DMSO concentration of 0.1% (v:v) and stored at −80°C. The control groups contained DMSO at this concentration. Cyclin A2 (ab38) and claudin 1 (ab15098) antibodies were purchased from Abcam (Cambridge, UK). β-Catenin (AF0066) and cyclin D1 (AF853) antibodies were bought from Beyotime (Haimen, People's Republic of China). GAPDH (sc47724), cMyc (sc40), and β-actin (sc8432) antibodies were purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). TCF4 (2565s), p53 (9282), Bcl2 (2872), antirabbit IgG (H+L, 4412), and antimouse IgG (H+L, 8890) antibodies were bought from Cell Signaling Technology (Danvers, MA, USA). Antirabbit (sc2004) and antimouse (sc2005) IgG--HRP-conjugated secondary antibodies were purchased from Santa Cruz Biotechnology Inc. Trizol reagent was bought from Thermo Fisher Scientific (Waltham, MA, USA).

Cell-viability assay
--------------------

Cell viability was determined using CCK8 (Beyotime, Shanghai, People's Republic of China). Cells (10^4^ per well) were seeded into a 96-well plate in 100 μL RPMI 1640 supplemented with 10% FBS and allowed to adhere overnight. After treatment with lupeol at various concentrations for 24 and 48 hours, 10 μL CCK8 solution was added to each well of the plate. Plates were incubated at 37°C for 1 hour, after which absorbance at 450 nm was measured using a microplate reader (BioTek, Winooski, VT, USA). All experiments were performed in triplicate and repeated at least three times.

Cell-apoptosis assay
--------------------

Cells (2×10^5^) were stained with fluorescein isothiocyanate-conjugated anti-annexin V antibody, which was labeled in combination with propidium iodide (PI) according to the manufacturer's protocol (KeyGen Biotech, Nanjing, People's Republic of China), then analyzed by fluorescence-activated cell sorting (BD, Franklin Lakes, NJ, USA). The cell-death percentage corresponded to annexin V^+^--PI^+^ cells. The apoptotic cell-death percentage was represented by annexin V^+^--PI^−^-stained cells.

Cell-cycle analysis
-------------------

Cells (2×10^5^) were cultured in each well of six-well plates till 60% confluent with normal culture medium. Cells were synchronized by replacing the medium containing 0.1% FBS for 12 hours to arrest them in the G~0~ phase of the cell cycle, after which they were treated with or without lupeol in RPMI 1640 complete media for 24 hours. Cells were trypsinized thereafter, washed twice with cold PBS, and centrifuged at 1,500 rpm. For cell-cycle analysis, cells were fixed in pre-chilled 70% ethanol overnight at 4°C. Cells were centrifuged at 1,500 rpm for 5 minutes, pellets washed twice with cold PBS, suspended in 500 μL PBS, and incubated with 5 μL RNase (Takara, Kusatsu, Japan) at 37°C for 30 minutes. Cells were chilled over ice for 10 minutes and stained with PI staining solution (PI 50 mg/mL, RNase A 10 mg/mL, and 0.1% Triton X-100; Sigma-Aldrich Co.) for 1 hour and analyzed by FlowJo version 10 flow cytometry.

Cell-migration assay
--------------------

In vitro cell migration was determined following the manufacturer's instructions. Cells (5×10^4^) were seeded in each chamber and left for 24 hours. The stoppers used to create the migration zone were removed after 24 hours, and cells washed with PBS twice to remove any unattached cells. Fresh RPMI 1640 complete medium (100 μL) with lupeol or DMSO was added to each well. Cells were allowed to migrate into the migration zone. After incubation with the transwell assay for 48 hours, cells on both the inside and outside of the seeded plate were fixed with 4% formalin, then transferred to 100% methanol, and finally stained with crystal violet at room temperature in the dark. They were washed again, then noncrossing cells were scraped off with a cotton swab (PBS-wetted). Cells were fluorescently stained with CellTracker green (Thermo Fisher Scientific). Fluorescent signals were measured using a microplate reader (Synergy HT; BioTek) with 492 nm excitation and 517 nm emission filters.

Reverse-transcription and real-time polymerase chain reaction
-------------------------------------------------------------

In this reaction, 2 μg total RNA was reverse-transcribed with random primers and SuperScript IV reverse transcriptase according to the user's manual (Thermo Fisher Scientific). The reaction was performed with incubation at 42°C for 1 hour, and the enzymes were subsequently inactivated by incubation at 85°C for 5 minutes. cDNA was used for real-time PCR analysis with gene-specific primers, and gene expression was detected using a Fast SYBR green master mix (Thermo Fisher Scientific). RNA expression was normalized to that of GAPDH (∆C~t~ = target RNA C~t~ − GAPDH C~t~). Individual primers used in this study were: *CTNNB1*-F: 5′-CATCTACACAGTTTGATGCTGCT-3′, R: 5′-GCAGTTTTGTCAGTTCAGGGA-3′; *TCF4*-F: 5′-GGCTATGC AGGAATGTTGGG-3′, R: 5′-GTTCATGTGGATGCAGGCTAC-3′; *MYC*-F: 5′-GTCAAGAGGCGAACA CACAAC-3′, R: 5′-TTGGACGGACAGGATGTATGC-3′; *CCND1*-F: 5′-GCTGCGAAGTGGAAACCATC-3′, R: 5′-CCTCCTTCTGCACACATTTGAA-3′; *CCNA2*-F: 5′-GGATGGTAGTTTTGAGTCACCAC-3′, R: 5′-CAC GAGGATAGCTCTCATACTGT-3′; *CLDN1-*F: 5′-AGCACCGGGCAGATACAGT-3′, R: 5′-GCCAATTACCATCAAGGCTCG-3′; and *GAPDH*-F: 5′-GGAGCGAGATCCCTCCAAAAT-3′, R: 5′-GGCTGTTGTCATACTTCTCATGG-3′.

Western blot analysis
---------------------

Briefly, CRC cells were washed three times after lupeol treatment for 24 hours in cold PBS and lysed in lysis buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, and 1% Triton X-100 (Beyotime) supplemented with a protease-inhibitor cocktail and phosphatase inhibitor cocktail (MCE) for 30 minutes on ice. Homogenates were centrifuged at 12,000 rpm for 10 minutes, and extracted protein concentrations were measured using BCA assay (23227; Thermo Fisher Scientific) and determined by Bio-Rad protein assay. Protein lysates (\~40 μg) were electrophoresed in SDS-PAGE gels and transferred onto polyvinylidene difluoride membranes (ISEQ00010; EMD Millipore, Billerica, MA, USA) by electroblotting. The membranes were blocked with Tris-buffered saline with Tween 20 (TBST) containing 5% dried milk--BSA for 1 hour at room temperature, followed by incubation with primary antibody for 16 hours. Antibodies of β-catenin (1:8,000, rabbit), TCF4 (1:400, rabbit), cMyc (1:400, mouse), cyclin D1(1:147, mouse), β-actin (1:1,000, mouse), cyclin A2 (1:200, mouse), claudin 1 (1:200, rabbit), p53 (1:1,000, rabbit), Bcl2 (1:1,000, rabbit), and GAPDH (1:800, mouse) were incubated. Membranes were washed three times with TBST. Then, membranes were incubated with antirabbit (sc2004) or antimouse (sc2005) IgG--HRP-conjugated secondary antibodies (1:10,000) for 1 hour. After three washes with TBST (50 mM Tris--HCl pH 7.6, 150 mM NaCl, 0.1% Tween 20), immunoreactive bands were detected using a WesternBright enhanced chemiluminescence (RPN2135; GE Healthcare UK Ltd., Little Chalfont, UK). GAPDH or β-actin was used as an internal loading control.

Immunofluorescence
------------------

Cells were seeded on aseptic 1 cm-diameter disks in a 24-well plate at a density of 2×10^4^ cells/disk for 4 days. Samples were washed with PBS and fixed in 4% paraformaldehyde for 15 minutes at room temperature. Cells were washed with PBS three times and blocked with PBS containing 5% BSA for 1 hour. After being blocked with BSA, samples were incubated with primary antibody β-catenin (1:200, rabbit; Beyotime), TCF4 (1:50, rabbit; Cell Signaling Technology), cMyc (1:50, mouse; Santa Cruz Biotechnology), cyclin D1 (1:20, mouse; Beyotime), claudin 1 (1:80, rabbit; Abcam), and cyclin A2 (1:80, mouse; Abcam) overnight at 4°C. On the following day, samples were washed with PBS three times and incubated with goat antirabbit antibody (1:500) or goat antimouse antibody (1:500), which were diluted in a blocking solution for 1 hour at room temperature. Samples were further counterstained with DAPI (1:500; Boster, Pleasanton, CA, USA) and phalloidin (1:100; Beyotime). Inverted fluorescence microscopy (Eclipse Ti; Nikon Corporation, Tokyo, Japan) was used to capture fluorescent images.

Statistical analysis
--------------------

Results were statistically analyzed using Student's *t*-test with SPSS 22.0, which were analyzed using GraphPad Prism version 6.0. All experiments were independently repeated at least three times. *P*\<0.05 was considered statistically significant. All data are represented as mean ± SD.

Results
=======

Effect of lupeol on viability of SW480 and HCT116 cells
-------------------------------------------------------

We investigated the effect of lupeol (20--120 μM) treatment on the viability of an APC-deficient cell line (SW480) and β-catenin-mutated cell line (HCT116) by CCK8 assay. The viability of both cell types treated with lupeol was decreased in a dose-dependent manner at 24 and 48 hours' lupeol treatment ([Figure 1A and B](#f1-ott-11-7987){ref-type="fig"}). The IC~50~ of lupeol treatment at 24 hours of SW480 and HCT116 cells was 106.3 and 62.0 μM, respectively. The IC~50~ at 48 hours of SW480 and HCT116 cells was 90.2 and 53.3 μM, respectively. Based on cell-viability results, we selected various concentrations of lupeol (0, 40, 80, and 120 μM) for SW480 cells and HCT116 cells (0, 20, 40, and 80 μM) with 24 hours' treatment for subsequent studies.

Effect of lupeol on apoptosis of SW480 and HCT116 cells
-------------------------------------------------------

In the cellular apoptosis study, both cell lines were treated with lupeol or DMSO and assessed by flow cytometry with annexin V--PI double staining. Results showed that lupeol induced apoptosis in SW480 and HCT116 cells in a dose-dependent manner (*P*\<0.05; [Figure 2A--D](#f2-ott-11-7987){ref-type="fig"}). The p53-wild type HCT116 cells exerted higher apoptosis induction to lupeol exposure than p53-mutated SW480 cells. To explore the molecular mechanism of lupeol in CRC-cell apoptosis, we detected the Bcl2 and p53 protein levels assessed by Western blot ([Figure 2E and F](#f2-ott-11-7987){ref-type="fig"}). The p53 protein level was increased in lupeol-treated groups. Conversely, Bcl2 level was inhibited by high lupeol concentration ([Figure 2G and H](#f2-ott-11-7987){ref-type="fig"}). Our results indicated that lupeol promoted apoptosis in CRC cells via the p53 pathway.

Effect of lupeol on cell cycle in SW480 and HCT116 cells
--------------------------------------------------------

Next, we considered the possibility that growth inhibition of CRC cells may involve an arrest of cells at specific check points in the cell cycle followed by apoptosis. Therefore, we assessed the effect of lupeol on cell-cycle perturbation ([Figure 3A and B](#f3-ott-11-7987){ref-type="fig"}). Lupeol treatment significantly increased the number of SW480 and HCT116 cells in the S phase of the cell cycle ([Figure 3C and D](#f3-ott-11-7987){ref-type="fig"}). This suggested that lupeol significantly induced S-phase cell-cycle arrest of both CRC cell types.

Effect of lupeol on cell migration in SW480 and HCT116 cells
------------------------------------------------------------

Cell-migration assays were applied using the transwell method. Both CRC cell types exhibited remarkably reduced migration after lupeol treatment ([Figure 4A and B](#f4-ott-11-7987){ref-type="fig"}). Results showed that 40 and 80 μM lupeol almost absolutely blocked cell invasion for HCT116 and SW480 cells, respectively. In sum, lupeol significantly inhibited migration of SW480 and HCT116 cells in a dosage-dependent manner ([Figure 4C and D](#f4-ott-11-7987){ref-type="fig"}).

Effect of lupeol on transcription activity in Wnt--β-catenin pathway
--------------------------------------------------------------------

We next evaluated the effect of lupeol treatment on transcription levels in the Wnt--β-catenin pathway for SW480 and HCT116 cell lines using quantitative reverse-transcription PCR. Lupeol treatment caused a significant decrease in the transcription level of *CTNNB1* expression in HCT116 cells, while not causing significant change in SW480 cells. Lupeol treatment also inhibited *cMYC*- and *CCND1*-transcription activation in SW480 and HCT116 cells (*P*\<0.05). Interestingly, transcription levels of *TCF4* and *CLDN1* in HCT116 cells were decreased and *CCNA2* mRNA in SW480 cells decreased to different degrees, also exhibiting significant differences compared to the control group (*P*\<0.05; [Figure 5A and B](#f5-ott-11-7987){ref-type="fig"}).

Effect of lupeol on the protein levels in Wnt--β-catenin pathway
----------------------------------------------------------------

Next, we sought to explore protein levels at which lupeol suppressed CRC cell lines. We detected protein-expression levels of β-catenin, TCF4, cMyc, cyclin D1, claudin 1, and cyclin A2 in SW480 and HCT116 cells by Western blot analysis ([Figure 6A--D](#f6-ott-11-7987){ref-type="fig"}). Results showed that lupeol decreased β-catenin and TCF4 mRNA expression in a dosage-dependent manner ([Figure 6E and F](#f6-ott-11-7987){ref-type="fig"}). In both lupeol-treated cell lines, protein-expression levels of cMyc and cyclin D1 decreased compared with the control group (*P*\<0.05; [Figure 6E and F](#f6-ott-11-7987){ref-type="fig"}). Corresponding with mRNA expression, protein-expression levels of claudin 1 in HCT116 cells and cyclin A2 in SW480 cells upon lupeol treatment decreased compared with the control group (*P*\<0.05; [Figure 6E and F](#f6-ott-11-7987){ref-type="fig"}). This finding suggests that lupeol attenuated Wnt--β-catenin signaling activity and suppressed the expression of cMyc, cyclin D1, and cyclin A2, thus impeding proliferation and arresting the cell cycle in CRC cells.

Effect of lupeol on protein expression in Wnt--β-catenin pathway
----------------------------------------------------------------

Translocation of β-catenin to the nucleus is vital for transcription of downstream Wnt--β-catenin genes. We explored the localization of β-catenin, TCF4, cMyc, cyclin D1, claudin 1, and cyclin A2 after lupeol treatment. In HCT116 cells, there was a decrease in β-catenin protein expression in lateral cell membranes after lupeol treatment ([Figure 7B](#f7-ott-11-7987){ref-type="fig"}). However, no inhibited translocation of β-catenin to the nucleus was observed in SW480 cells ([Figure 7A](#f7-ott-11-7987){ref-type="fig"}). We further observed decreased fluorescence intensities of cMyc and cyclin D1 in nuclei in both CRC cell lines ([Figure 7A, B, D, and E](#f7-ott-11-7987){ref-type="fig"}). Corresponding with Western blot analysis, fluorescence intensity of claudin 1 protein in HCT116 cells and cyclin A2 in SW480 cells was decreased upon lupeol treatment compared with control group ([Figure 7C and F](#f7-ott-11-7987){ref-type="fig"}).

Discussion
==========

Epidemiological evidence has shown an association between triterpenoid-enriched plant intake and decreased risk of developing CRC.[@b13-ott-11-7987] Likewise, considerable evidence has shown that triterpenoids, such as lupeol, show an antitumor effect in certain cell lines.[@b14-ott-11-7987],[@b15-ott-11-7987] DNA damage is identified as a premise of cancer development, and lupeol has the potentiality to inhibit chemically induced DNA damage, both in vitro and in vivo.[@b16-ott-11-7987] Recent studies have shown that in addition to chemoprevention, lupeol has a chemotherapeutic effect on prostate cancer, hepatic carcinoma, and gallbladder cancer.[@b14-ott-11-7987],[@b17-ott-11-7987]--[@b19-ott-11-7987] Lupeol can also regulate the immunoresponse and impart chemotherapeutic resistance.[@b15-ott-11-7987],[@b20-ott-11-7987] In a previous study, lupeol showed inhibition of melanoma cells with abnormally active Wnt--β-catenin signals by reducing Wnt signaling.[@b21-ott-11-7987] Therefore, we wanted to evaluate the effect of lupeol treatment on different CRC cells with abnormally activated Wnt--β-catenin pathways. In the present study, we used two variants of CRC cell lines: SW480 cells (APC deleted, β-catenin wild type) and HCT116 cells (APC wild type, β-catenin mutated). Our results showed that 20--120 μM lupeol treatment for 24 hours resulted in decreased cell viability and increased cellular apoptosis in a dose-dependent manner. These results are in accord with earlier research that also indicated that lupeol had no significant inhibitory effect on CRC cells that did not harbor abnormal activation of Wnt--β-catenin signaling.[@b22-ott-11-7987] We further discovered that lupeol arrested the cell cycle at the S phase and reduced the cell-migration capability of the two cell lines compared to the control groups. Molecular studies revealed that the anticancer effect of lupeol may in part be mediated by Wnt--β-catenin signaling-pathway suppression.

Constitutive Wnt--β-catenin pathway activation is characteristic of most CRC tumorigenesis.[@b6-ott-11-7987] Wnt--β-catenin pathway plays a pivotal role in regulating homeostasis and self-renewal of tissue in which β-catenin is involved in regulation of cell adhesion and gene transcription.[@b23-ott-11-7987]--[@b25-ott-11-7987] β-Catenin in the nucleus serves to activate TCF-dependent transcription, leading to increased expression of downstream genes, including *cMYC*, *CCND1*, *CCNA2*, and *MMP7*.[@b7-ott-11-7987],[@b9-ott-11-7987],[@b26-ott-11-7987] Studies have shown that β-catenin also interacts with growth-factor receptors in signal-transduction patterns during tumorigenesis.[@b27-ott-11-7987] Tarapore et al found that lupeol significantly reduced *CTNNB1*-transcription levels in DLD and HCT116 cells with abnormally activated Wnt--β-catenin signals assessed by TopFlash assay, which supports the inhibitory action of lupeol on Wnt--β-catenin signaling.[@b22-ott-11-7987] In our study, lupeol treatment decreased expression of β-catenin and TCF4 protein and decreased mRNA and protein expression of downstream *cMYC* and *CCND1* in two CRC cell lines. The inhibitory effect of lupeol on highly metastatic HCT116 cells was stronger than that on SW480 cells, and the expression of β-catenin in HCT116 cells on lateral cell membranes associated with cell attachment was suppressed.[@b28-ott-11-7987] In SW480 cells, inhibition of β-catenin translocation was not observed after lupeol treatment, which might have been due to subsequent ubiquitination and degradation of β-catenin, which could affect its positive control over transcription activity in the nucleus.[@b29-ott-11-7987] Therefore, it is possible that the anticancer effect of lupeol in CRC cells is due to reduced nuclear expression of *CTNNB1* and formation of β-catenin--TCF4 complexes, with subsequent disruption of signal transduction in the Wnt--β-catenin pathway. Furthermore, lupeol treatment resulted in significant decreases in the viability and migration of SW480, HCT116, and DLD1 cells with *APC* or *CTNNB1* mutations, with no effect on RKO cells carrying wild-type *APC* and *CTNNB1*.[@b22-ott-11-7987] This indicates that the inhibitory effect of lupeol on cell proliferation is probably more sensitive to CRC cells with *APC* and *CTNNB1* mutations.

Several β-catenin/TCF4 target genes like *cMYC* and *CCND1* are supposed to accelerate metabolic activation of the cell cycle. cMyc interacts with prereplication to form a complex located in the early-DNA-synthesis site, which has a direct impact on DNA replication. Its overexpression bypasses the G~1~/S phase-division checkpoint, increasing DNA-replication activity and DNA damage.[@b30-ott-11-7987] Cyclin D--CDK4/6 complexes block the transcription of genes, negatively controlling cell cycles like that of the Rb tumor suppressor protein and allow the cell to go through the G~1~ checkpoint, thereby regulating cell-cycle progression and sustaining genomic integrity.[@b31-ott-11-7987] Cyclin A2 is synthesized at the beginning of the S phase and binds to CDK2 to promote DNA synthesis.[@b32-ott-11-7987] In our study, lupeol significantly reduced cell viability, induced apoptosis, and blocked the cell cycle in the S phase of the two CRC cell lines. Furthermore, quantitative PCR and Western blot analyses showed mRNA and protein expression of downstream *CCND1* and *cMYC* was reduced. *CCNA2* was downregulated in SW480 cells, but not in HCT116 cells. Similarly, lupeol can arrest the cell cycle in the S phase by reducing the expression of β-catenin protein and *CCND1* and *cMYC* transcription in hepatoma and melanoma cells.[@b33-ott-11-7987],[@b34-ott-11-7987] Since the synthesis of DNA, histones, and related enzymes take place in the S phase, it is suggested that lupeol could reduce protein levels of β-catenin and TCF4 and reduce mRNA and protein expression of downstream cycle genes like *cMYC* and *CCND1* in both cell lines and *CCNA2* in SW480 cells so as to inhibit cell proliferation and arrest the cell cycle of CRC cells by repressing tetraploid formation and thus the mitosis process.[@b26-ott-11-7987]

Cancer-cell invasion and migration are essential for cancer metastasis, and the claudin family is closely related to these processes. In tumorigenesis, excessive TCF4 binds claudin 1 to certain sites to promote *CLDN1* transcription,[@b35-ott-11-7987] which not only contributes to EMT[@b36-ott-11-7987] but also increases the expression of matrix metalloproteinases, promotes extracellular matrix destruction and tumor infiltration,[@b37-ott-11-7987] and increases myosin--actin contractility to promote cell invasion and migration without affecting cell proliferation.[@b38-ott-11-7987],[@b39-ott-11-7987] Our results showed that lupeol downregulated *CLDN1* expression in HCT116 cells, corresponding to their reduced migration rate evaluated by transwell assay, suggesting decreased myosin--actin interaction-mediated cell motility. In addition, β-catenin--TCF4 downstream *CCNA2* is a novel target in CRC.[@b40-ott-11-7987] Downregulation of *CCNA2* displays increased cell invasiveness by actin-filament redistribution through regulation of the Rho family, such as inactivation of *RHOA*, leads to a decrease in cell adhesion, and promotes EMT processes.[@b41-ott-11-7987],[@b42-ott-11-7987] Cyclin A--CDK2 regulates APC mitotic spindle anchoring by phosphorylation of APC, which restrains microtubule attachment in mitosis.[@b43-ott-11-7987] While lupeol significantly inhibited migration of SW480 cells, however, *CCNA2* instead of *CLDN1* was downregulated. Although the results were not anticipated from our previous study on migration of SW480 cells, downregulation of *CCNA2* did exist. Since *CCNA2* regulates much progress in the genesis and development of CRC, like cell migration and the cell cycle, the increase or decrease in its expression in cancer cells cannot fully explain the invasion and migration of cells.[@b27-ott-11-7987],[@b42-ott-11-7987],[@b44-ott-11-7987] Therefore, the specific mechanism needs to be studied further.

Conclusion
==========

We have provided evidences of anti-CRC effect of lupeol in cell viability, apoptosis, migration, cell-cycle arrest, and inactivation of Wnt--β-catenin signaling activity with the intervention of β-catenin nuclear translocation. The in vivo anticancer effect of lupeol is still not completely understood. Further research will be needed to elucidate the complicated mechanism of lupeol-induced Wnt--β-catenin inactivation, such as the knockdown assay. In addition, as lupeol is a pentacyclic triterpenoid belonging to over 30 triterpenoids that should also be explored, our research can provide evidence of the importance of dietary triterpenoids and interaction of lupeol with frequently mutated genes in initiative carcinogenesis pathways of CRC.
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![Effect of lupeol on viability of SW480 and HCT116 cells assessed by CCK8 assay.\
**Notes:** (**A**) SW480 cells and (**B**) HCT116 cells were treated with lupeol (0--120 μM) for 24 and 48 hours and cell viability determined by CCK8 assay. Points: mean of three separate experiments wherein each treatment was repeated in eight wells; mean ± SD. Asterisks indicate significant differences between the control (dimethyl sulfoxide) and lupeol-treatment groups (\**P*\<0.05).](ott-11-7987Fig1){#f1-ott-11-7987}

![Effect of lupeol on cell apoptosis and protein levels of p53 and Bcl2 in SW480 and HCT116 cells assessed by flow cytometry.\
**Notes:** (**A**) SW480 cells were treated with various concentrations of lupeol (0, 40, 80, and 120 μM) for 24 hours. (**B**) HCT116 cells were treated with lupeol (0, 20, 40, and 80 μM) for 24 hours. Apoptotic cells were labeled with annexin V--propidium iodide. The percentages of total apoptotic (**C**) SW480 cells and (**D**) HCT116 cells after 24 hours of lupeol treatment were significantly higher compared with control groups. (**E**) Percentages of total cellular apoptosis in Western blot analysis of Bcl2 and p53 protein levels in different groups in SW480 cells. (**F**) Western blot analysis of Bcl2 and p53 protein levels in different groups in HCT116 cells. (**G**) Quantitative protein levels of Bcl2 and p53 in SW480 cells. (**H**) Quantitative protein levels of Bcl2 and p53 in HCT116 cells. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.\
**Abbreviation:** DMSO, dimethyl sulfoxide.](ott-11-7987Fig2){#f2-ott-11-7987}

###### 

Effect of lupeol on cell-cycle analysis of SW480 and HCT116 cells assessed by flow cytometry.

**Notes:** Lupeol triggered cell-cycle arrest in the S phase in the two colorectal cancer cell lines. (**A**) SW480 cells were treated with various concentrations of lupeol (0, 40, 80, and 120 μM) for 24 hours. Peaks represent the G~0~/G~1~, S, and G~2~/M phases in the cell cycle, respectively. (**B**) HCT116 cells were treated with lupeol (0, 20, 40, and 80 μM) for 24 hours. Percentages of cell numbers in the S phase of the cell cycle were significantly higher in (**C**) SW480 cells and (**D**) HCT116 cells after 24 hours' lupeol treatment. All data expressed as mean ± SD (n≥3). \**P*\<0.05; \*\**P*\<0.01.

**Abbreviation:** DMSO, dimethyl sulfoxide.
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![Effect of lupeol on cell migration of SW480 and HCT116 cells assessed by transwell assay.\
**Notes:** Lupeol suppressed cell migration in the two colorectal cancer cell lines. (**A**) SW480 cells were treated with various concentrations of lupeol (0, 40, 80, and 120 μM) for 24 hours. (**B**) HCT116 cells were treated with lupeol (0, 20, 40, and 80 μM) for 24 hours. Numbers of migrated (**C**) SW480 cells and (**D**) HCT116 cells were significantly decreased after lupeol treatment for 24 hours. All data expressed as mean ± SD (n≥3). \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.\
**Abbreviation:** DMSO, dimethyl sulfoxide.](ott-11-7987Fig4){#f4-ott-11-7987}

![Effect of lupeol on transcription activity of the Wnt--β-catenin pathway of SW480 and HCT116 cells.\
**Notes:** Lupeol suppressed transcription activity of the Wnt--β-catenin pathway in the two colorectal cancer cell lines. (**A**) SW480 cells were treated with various concentrations of lupeol (0, 40, 80, and 120 μM) for 24 hours. (**B**) HCT116 cells were treated with lupeol (0, 20, 40, and 80 μM) for 24 hours. mRNA expression of the two cell lines was detected by reverse-transcription quantitative PCR analysis. All data expressed as mean ± SD (n≥3). \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviation:** DMSO, dimethyl sulfoxide.](ott-11-7987Fig5){#f5-ott-11-7987}

![Effect of lupeol on the protein levels in the Wnt--β-catenin pathway of SW480 and HCT116 cells.\
**Notes:** (**A**) β-Catenin, TCF4, cMyc, cyclin D1, and (**B**) claudin 1 and cyclin A2 protein expression in SW480 cells with lupeol or DMSO treatment were determined by Western blot analysis. (**C**) β-Catenin, TCF4, cMyc, cyclin D1, and (**D**) claudin 1 and cyclin A2 protein expression in HCT116 cells with lupeol or DMSO treatment were determined by Western blot analyses. Graphs are representative of three independent experiments showing the effect of lupeol on protein-expression levels in the Wnt--β-catenin pathway in (**E**) SW480 cells and (**F**) HCT116 cells. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.\
**Abbreviation:** DMSO, dimethyl sulfoxide.](ott-11-7987Fig6){#f6-ott-11-7987}

![Effect of lupeol on protein expression in Wnt--β-catenin pathway of SW480 and HCT116 cells.\
**Notes:** Immunofluorescence analysis showed the protein location related to Wnt--β-catenin pathway at 24 hours lupeol treatment. (**A**) β-Catenin, cyclin D1, (**B**) TCF4, cMyc, and (**C**) claudin 1 and cyclin A2 protein locations in SW480 cells with lupeol or DMSO treatment were showed by photomicrographs. (**D**) β-Catenin, cyclin D1, (**E**) TCF4, cMyc, and (**F**) claudin 1 and cyclin A2 protein locations in HCT116 cells with lupeol or DMSO treatment on photomicrography. Colorectal cancer cells were incubated overnight with various antibodies, followed by fluorescence-tagged secondary antibody covered with ProLong Gold antifade reagent with DAPI and analyzed by a Nikon Ti fluorescence microscope.\
**Abbreviation:** DMSO, dimethyl sulfoxide.](ott-11-7987Fig7){#f7-ott-11-7987}
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